ABSTRACT: The reduction of substrates catalyzed by nitrogenase normally requires nucleotide-dependent Fe protein delivery of electrons to the MoFe protein, which contains the active site FeMo cofactor. Here, it is reported that independent substitution of three amino acids (β-98 Tyr→His , α-64 Tyr→His , and β-99 Phe→His ) located between the P cluster and FeMo cofactor within the MoFe protein endows it with the ability to reduce protons to H 2 , azide to ammonia, and hydrazine to ammonia without the need for Fe protein or ATP. Instead, electrons can be provided by the low-potential reductant polyaminocarboxylate-ligated Eu(II) (E m values of −1.1 to −0.84 V vs the normal hydrogen electrode). The crystal structure of the β-98
M o-dependent nitrogenase catalyzes the fixation of biological dinitrogen (N 2 ) to ammonia (NH 3 ) with the minimum reaction stoichiometry shown in eq 1: 
Nitrogenase consists of two component proteins called the iron (Fe) protein and the molybdenum−iron (MoFe) protein ( Figure 1 ). 1 The MoFe protein is an α 2 β 2 heterotetramer consisting of two catalytic αβ units, each containing a P cluster [8Fe-7S] and a FeMo cofactor (FeMo-co; [7Fe-9S-1Mo-Chomocitrate]). 3, 4 The Fe protein is a homodimer with a [4Fe-4S] cluster bridging the two subunits and an ATP binding site on each subunit. 5 To achieve the complete reduction of N 2 at FeMo-co in the MoFe protein, a Fe protein must transiently bind to the MoFe protein. 6 During this association of the two proteins, a single electron is passed from the Fe protein to FeMo-co, followed by the hydrolysis of the two ATP molecules bound to the Fe protein. 7 Recent evidence suggests that the electron transfer reaction proceeds in two steps with the first step being transfer of an electron from the P cluster to FeMoco, followed by transfer of an electron from the Fe protein to the oxidized P cluster (termed a "deficit spending" electron transfer mechanism). 8 ATP hydrolysis follows the electron transfer events, with release of the P i and finally dissociation of the Fe protein from the MoFe protein. 7, 9 The two ADP molecules bound to the released Fe protein are exchanged with ATP, and the oxidized Fe protein is reduced by dithionite (in vitro) or flavodoxin/ferredoxin (in vivo). 1, 10 This catalytic cycle is repeated eight times to achieve the accumulation of sufficient electrons for the activation and reduction of N 2 and the stoichiometric release of H 2 .
1,2
Fe protein is the only reductant known to support N 2 reduction by the MoFe protein, suggesting it plays a pivotal role in the mechanism beyond simply donating electrons. Two recent reports have revealed that it is possible to deliver electrons directly to the MoFe protein in the absence of the Fe protein with reduction of a few substrates other than N 2 . In one case, a Ru−ligand complex was covalently attached to the MoFe protein, and it was possible to photoinduce transfer of an electron into the MoFe protein to achieve very low rates of reduction of the nonphysiological substrate acetylene to ethylene and cyanide to methane. 11, 12 In another case, substitution of a single amino acid within the MoFe protein located between the P cluster and FeMo-co (β-98 Tyr→His ) allowed a Eu−ligand complex in solution to deliver electrons to the MoFe protein to achieve reduction of hydrazine to ammonia at rates near those observed when electrons are delivered from the Fe protein. 13 This finding suggested that amino acids located between the P cluster and FeMo cofactor within the MoFe protein might play an important but poorly understood role in regulating electron transfer events that support substrate reduction at FeMo-co.
Here, we report that independent substitution of three amino acids co-located between the P cluster and FeMo-co (β- Phe→His ), and DJ1957 (α-64 Tyr→His ) that were grown as described previously.
14 The MoFe proteins from each strain were purified, with some modifications, as described to >95% purity and confirmed by sodium dodecyl sulfate− polyacrylamide gel electrophoresis analysis using Coomassie blue staining.
14 Manipulation of proteins was done in septumsealed serum vials under an argon atmosphere. All transfers of gases and liquids were conducted using gastight syringes. Azide reduction, H 2 evolution, and N 2 H 4 reduction activities were determined as described previously. 15 NH 3 was quantified using a fluorescence method with o-phthalaldehyde as described previously. 15 For all assays, Eu(II)-L was generated by electrochemical reduction, as described previously. 16 Crystallization. Crystallization trials were performed on β-98 Tyr→His MoFe protein that was concentrated to ∼30 mg/mL and stored in the purification buffer. All trials were conducted under anaerobic conditions in a nitrogen atmosphere glovebox (UniLAB, M. Braun) using a microcapillary batch diffusion method. 17, 18 Crystallization was accomplished as previously described using a precipitating solution that contained 30% polyethylene glycol (PEG) 4000, 100 mM Tris-HCl (pH 8.0), 190 mM sodium molybdate, and 1 mM sodium dithionite. 19 Crystals of a dark brown color with the approximate dimensions of 100 μm × 200 μm × 200 μm were observed after they had grown for 4−6 weeks. The crystals were cryoprotected by diffusion of mother liquor doped with ∼15% glycerol. Crystals were harvested under a stream of continuous argon on rayon loops and immediately flash-cooled in liquid nitrogen. Data were collected on beamline BL-9-2 at the Stanford Synchrotron Radiation Laboratory under a continuous flow of liquid nitrogen at ∼100 K. A data set was collected at λ = 0.97 on a MAR 325 detector up to resolution 1.97 Å and was scaled and integrated using the HKL2000 software package. 20 The unit cell parameters of the collected data were nearly isomorphous to the published native structure (PDB entry 3U7Q). Initial rigid body fitting and refinement were performed using AutoMR of the CCP4 suite of programs. 21 Calculation of electron density maps and model fitting were accomplished by using Coot, and the model was refined using REFMAC5 to 1.97 Å resolution. 22 The final model was built with a crystallographic R of 21.5, with 95.6% of the residues in the most favored Ramachandran regions and 4.2% in additionally allowed regions (Table S1 of the Supporting Information). The PDBeFold Structure Similarity server at the European Bioinformatics Institute (http://www.ebi.ac.uk/msdsrv/ssm/) was used to determine an average root-mean-square deviation (rmsd) of 0.2 Å between analogous α-carbons of the Tyr to the P cluster ligand α-62
Cys and from β-98 Tyr to the P cluster ligand β-95 Cys are also shown. Atom colors are rust for Fe, yellow for S, gray for C, red for O, and magenta for Mo.
β-98
Tyr→His MoFe variant and the wild-type MoFe structure (PDB entry 3U7Q).
Normal-Mode Analysis. To characterize the mechanical aspects of the long time scale dynamics of the nitrogenase complex, we performed a normal-mode analysis based on the anisotropic Gaussian network model. 23, 24 The nitrogenase complex was represented by beads centered at the position of the α-carbons. According to this model, two beads are connected with a harmonic spring if they are within a cutoff distance, R cut , and not connected otherwise. To improve the stability of the model, in this study the force constant, k, of the spring was chosen to vary smoothly from k 0 to zero using the sigmoidal switching function around R cut given in eq 2.
where r ij is the distance between beads i and j and γ is the width of the switching function. We used a cutoff distance R cut of 12 Å, with a width for the switching function of 2 Å. Different choices gave consistent results, in agreement with previous reports. 25 According to this model, the potential energy function of the protein is given by eq 3:
where Δr i α is the α component (α = x, y, and z) of position vector r i for the ith α-carbon and Γ is the so-called contact matrix. The off-diagonal and diagonal elements of the contact matrix are given by eqs 4 and 5, respectively: (5) where e α is the unit vector along Cartesian direction α. The correlations between the fluctuations of the protein residues were analyzed in terms of the covariance matrix C, whose elements C ij = ∑ α ⟨Δr i α Δr i α ⟩ were calculated from the eigenvector decomposition of the inverse of the contact matrix (eq 6):
where λ k and v k are the kth eigenvalue and eigenvector of the contact matrix, respectively. The six zero-frequency modes corresponding to rigid body translations and rotations of the nitrogenase complex are excluded from the summation over the normal modes. Diagonal elements of the covariance matrix are proportional to the β factor of the amino acid residues, β i = 8π 2 C ii /3. As one can see in eq 6, the spring constant k 0 acts as a mere scaling factor for the atomic fluctuations and the β factors, and its value was chosen to reproduce the average magnitude of the crystallographic β factors. The model is able to reproduce faithfully the relative magnitude of the experimental β factors ( Figure S1 of the Supporting Information), making us confident that it is also able to describe the overall large amplitude motions of the nitrogenase complex.
The calculations were performed on the crystal structure of the complex between the Fe protein and the MoFe protein from Azotobacter vinelandii with an ATP analogue and ADP bound to the Fe protein (PDB entries 2AFK and 2AFI, respectively). 27 
■ RESULTS AND DISCUSSION
The recent preliminary finding that substitution of β-98 Tyr→His in the MoFe protein allows it to reduce hydrazine to ammonia without participation of the Fe protein or ATP, but instead with electrons coming from Eu(II)-DTPA, points to participation of the protein around β-98
Tyr in the MoFe protein in regulating electron transfer between the P cluster and FeMo-co or in the reactivity of FeMo-co. 13 To further explore this possibility, we have prepared MoFe proteins having independent amino acid substitutions for three amino acids co-localized between the P cluster and FeMo-co (β-98
Tyr→His , β-99 Phe→His , and α-64 Tyr→His ) (Figure 1 property of these variant MoFe proteins compared to the wildtype MoFe protein alone, which is unable to reduce hydrazine with Eu-L as an electron donor.
When the hydrazine reduction assay with Eu(II)-DTPA as a reductant was conducted for short times (2 min), high activity could be achieved because the Eu-DTPA was stable for only short times. Under these optimal conditions, the maximal specific activity for hydrazine reduction at 100 mM hydrazine was found to be 300 ± 15 nmol of NH 3 Figure S2 of the Supporting Information), with saturation being approached above 1 mM Eu(II)-DTPA. These findings indicate that it is possible to saturate for the reductant and that there is a finite binding affinity.
In addition, the rates of hydrazine reduction were dependent on the concentration of hydrazine (Figure 3) 16 All three ligand complexes with Eu(II) were examined with the three variant proteins for reduction of azide to ammonia (Table 1 ). For some of the variants, the EGTA and EDTA complexes with Eu(II) showed higher rates of azide reduction. The Eu(II)-DTPA complex catalyzes proton reduction to form H 2 even in the absence of enzyme, whereas the Eu(II)-EDTA complex does not. This allowed the Eu(II)-EDTA complex to be examined as a source of electrons for proton reduction to form H 2 for the three proteins. Only the β-98 Tyr→His protein showed significant H 2 evolution rates above background.
Structural Characterization. The structure of the β-98
Tyr→His MoFe protein was determined and refined to 1.97 Å resolution and compared to the structure of the wild-type MoFe protein (PDB entry 3U7Q, 1.0 Å). Subtle structural differences were observed in the immediate vicinity of the amino acid substitution and in the solvent structure immediately around FeMo-co. Most notable with respect to the later is the ∼1.5 Å difference in the position of a water molecule coordinating homocitrate resulting from the differences in the H binding groups of Tyr and His at position β-98 (Figure 4) . The histidine residue in the variant refines in a slightly different orientation relative to the tyrosine in the wildtype MoFe protein and may be better posed for electron transfer due to the δ orbital dominance of this residue relative to the π orbital dominance of tyrosine. The change in side chain pK a 's may also have an effect on the active site electrostatic environment and electron transfer pathway.
Calculations on Normal-Mode Conformational Changes. The findings described above reveal that it is possible to create a MoFe protein through amino acid substitutions that can reduce a number of substrates without the Fe protein and ATP. This suggests that these substitutions might regulate electron transfer from the P cluster to FeMo-co and/or the reactivity of FeMo-co. The nature of these conformational changes remains elusive, but the results from this work point to the possible participation of amino acids located between the P cluster and FeMo-co. To further explore the possible communication between the Fe protein and the MoFe protein, the vibrational normal modes that describe the large-amplitude motions of the nitrogenase complex were calculated according to a coarse-grained description of the proteins. A covariance analysis of the displacement of amino acid residues reveals a cross correlation between the motion of the two Fe proteins ( Figure S3 of the Supporting Information), Both the hydrazine and azide assays were conducted at 30°C for 20 min, while the proton assays were conducted for 40 min at 30°C. The hydrazine concentration was 100 mM and the azide concentration 10 mM. All assays were performed at pH 7.0. b None detected.
suggesting that the motion of one of the two Fe proteins causes a response in the region between the P cluster and FeMo-co. In particular, motion of residues α-64 Tyr , β-98 Tyr , and β-99 Phe in the MoFe protein correlates with the motion of the Fe protein. Figure 5 displays the correlation between these residues and the rest of the nitrogenase complex. As one can see, there is a trivial in-phase correlation between the motion of residues α-64
Tyr , β-98 Tyr , and β-99 Phe and the neighboring residues within the MoFe protein, which decays quickly in space. Remarkably, Figure 5 shows a high degree of out-of-phase correlation between these residues and the Fe proteins. The normal mode contributing most to this correlation corresponds to an out-ofphase rolling motion of the Fe proteins on the surface of the MoFe protein ( Figure 6 ). These results suggest a dynamic coupling between the motion of the Fe protein and the MoFe protein region lying between the P cluster and FeMo-co, which may provide the key to understand the unique role of the Fe protein in regulating activity within the MoFe protein necessary for electron transfer and substrate reduction. The predicted motions within the MoFe protein are especially interesting because of the lack of any observed changes in different X-ray structures determined to date. 27 
■ CONCLUSIONS
Nitrogenase is a dynamic protein, with protein conformational changes playing key roles at various steps in the catalytic cycle. 27−30 The absolute need for the Fe protein and ATP binding to the MoFe protein to support N 2 reduction suggests that the protein−protein association communicates conformational changes within the MoFe protein essential to some aspects of catalysis, perhaps intramolecular electron transfer Tyr→His variant reveals no global structural differences compared to the wild-type structure, with small changes localized near the amino acid substitution and homocitrate-coordinated bound water. The structure reveals that subtle differences in structure coupled with the chemical difference in the amino acid side chains of tyrosine and histidine to alter the reactivity of the MoFe protein, suggesting that equally subtle changes might be sufficient when the Fe protein binds. Finally, computational normal-mode analysis reveals that the Fe protein and this region of the MoFe protein are connected in terms of molecular motion, suggesting a mechanism for how Fe protein might communicate into the MoFe protein to affect activity.
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